Abstract: Air quality issues are frequent in urbanized valleys, particularly in wintertime when a temperature inversion forms and the air within the valley is stably stratified over several days. In addition to pollutant sources, local winds can have a significant impact on the spatial distribution and temporal evolution of pollutant concentrations. They can be very complex and difficult to represent in numerical weather prediction models, particularly under stable conditions. Better knowledge of these local winds from observations is also a prerequisite to improving air quality prediction capability. This paper analyses local winds during the Passy-2015 field experiment that took place in a section of the Arve river valley, near Chamonix-Mont-Blanc. This location is one of the worst places in France regarding air quality. The wind analysis, which is mainly based on scanning Doppler lidar data sampling a persistent temperature inversion episode, reveals features consistent with the higher pollutant concentrations observed in this section of the valley as well as their spatial heterogeneities. In particular, an elevated down-valley jet is observed at night in the northern half of the valley, which, combined with a weak daytime up-valley wind, leads to very poor ventilation of the lowest layers. A northeast-southwest gradient in ventilation is observed on a daily-average, and is consistent with the PM10 heterogeneities observed within the valley.
Introduction
The cumulative effects of local emissions and specific orography result in urbanized mountainous areas being substantially affected by pollution episodes in wintertime [1] [2] [3] [4] . Pollution episodes of airborne particulate matter with diameters of less than 10 µm (PM10) have been increasingly documented over the last two decades. These particles can penetrate deeply into the respiratory system and have been associated with increased health issues, such as asthma, cardiovascular risks and lung cancer [5] [6] [7] . PM10 pollution episodes are frequent in winter because of the development of cold air pools resulting from the filling of valley bottoms with cold air [8] . The temperature inversion thus generated drastically reduces the vertical mixing and may trap the pollutants near the ground, especially when it persists over several days [3, 9] . This is favoured by the length of the nights in winter. As a result, the pollutant redistribution becomes essentially driven by horizontal wind dynamics, which is local and mainly thermally driven [10] . A thermo-topographic conceptual model was introduced by Wagner [11] and Ekhart [12] who first linked temperature gradients to the development of valley The present study focuses on an analysis of the local wind dynamics in the section of the Arve river valley close to the town of Passy, during a persistent temperature inversion episode. Chemel et al. [30] have shown a good overall correlation between the daily PM10 concentration and the heat deficit, with a correlation coefficient ranging between 0.44 and 0.69 over January and February 2015. Using temperature profiles acquired from a radiometer at a given site within the valley, they revealed that the hourly PM10 evolution cannot be solely explained by the temperature inversion dynamics and is probably influenced by the local dynamics. The aim of the present study is to characterise the fine-scale wind dynamics within the valley on the basis of the field experiment dataset and to identify which features of this local dynamics may participate in the observed high concentrations and spatial heterogeneities in PM10. This study mainly relies on data from a scanning Doppler Wind Lidar (DWL), which offers the advantage of mapping out the velocity field in the horizontal and vertical and thus providing 3D wind data.
The paper is organized as follows: Section 2 gives an overview of the Passy-2015 field experiment and Section 3 introduces the scanning DWL and the associated database. Local wind characteristics retrieved from the scanning DWL are presented in the Section 4 based on a spatial and temporal analysis. A discussion of the results and their relevance to an understanding of the PM10 concentrations observed within the valley is finally proposed in Section 5.
Passy-2015 Field Experiment

Context: A Steep Sided Polluted Alpine Valley
The Arve River Valley is located in the French Alps close to the border between France and Switzerland. It starts in the vicinity of Mont-Blanc and extends over about 100 km to Lake Geneva. This study focuses on a section of the Arve River Valley close to the town of Passy, hereafter referred to as the Passy basin. The topography of the Passy basin and its surroundings is presented in Figure 1 . This section of the valley is approximately 23 km long, has a maximum width of 2 km and an average valley bottom slope of 1%. The basin is confined by the Giffre range (about 2000 m Above Sea Level (ASL)) to the north, the Aravis range (about 2000 m ASL) to the west and the Mont-Blanc range (rising to 4808 m ASL) to the southeast. The floor in the centre of the Passy basin is around 560 m ASL, giving a valley depth of more than 1500 m. The Passy basin is connected with the upstream part of the Arve river valley (Chamonix, 1030 m ASL) and the downstream part (Marnaz, 480 m ASL) through two constricted passageways, at Servoz and Cluzes, respectively. At Servoz, the valley is less than 50 m wide and its floor rises by 200 m over a distance of 4 km. This forms a natural barrier between the upper part of the valley and the Passy basin. Two smaller tributary valleys are connected to the south of the basin, orientated in a northeasterly direction ("Megève" valley) and northwesterly direction ("Saint-Gervais" valley).
The Arve river valley regularly experiences severe pollution episodes in winter. The valley is urbanized, with 27,000 residents within the Passy basin (Passy, Sallanches), 10,000 residents in the upstream town of Chamonix and about 6000 residents in each of the southern tributary valleys (Megève and Saint-Gervais). An Atmosphere Protection Plan [31] has been in force for the whole Arve River Valley since February 2012 for winter PM10 pollution episodes among other things. PM10 can have anthropogenic or natural origins, the former being the main source of pollution within the valley. Anthropogenic PM10 results from residential heating (wood burning), transport (the valley has been one of the major access roads to Italy through the Mont-Blanc tunnel since it was opened in 1965) and industrial emissions. [32] ). Mountain ranges are indicated in white upper case letters, and the three measurement sites used in this study in white lower case letters. The urbanized areas are represented by hatched zones, with a maximum housing density of 245 hab·km −2 in the Sallanches town. The Meteo-France automatic weather stations are indicated by yellow squares and the automatic TEOM-FDMS stations of the local air quality agency by blue stars. Green lines represent the baseline of the scanning lidar vertical scans. Adapted from [29] .
In 2015, the local air quality agency, Atmo Auvergne-Rhône-Alpes, recorded 44 and 20 days when PM10 concentration exceeded the air quality standard at Passy and Sallanches, respectively [33] . In contrast, the neighbouring cities outside the Passy basin were significantly less affected, with 10 days at Chamonix (20 km up the valley) and only 3 days at Marnaz (20 km down the valley). Figure 2a displays the time evolution of PM10 for the four towns through January and February 2015. Grey areas represents the pollution episodes based on PM10 levels measured at Passy. It can be seen that PM10 time series at Passy and Sallanches display similar trends. However, concentrations at Sallanches remain systematically lower during pollution events, whereas the two towns are only 5 km apart. At Chamonix, the PM10 time series appears significantly distinct from those at Passy and Sallanches during pollution peaks but remains similar the rest of the time. Table 1 lists the pollution episodes represented in grey and gives the day of the episode during which the maximum PM10 concentration was reached for the three stations. While the maximum was reached on the same day for the two stations within the Passy basin, it was shifted towards the beginning or the end of the episodes for the Chamonix up-valley station. Figure 2b displays the time evolution of the sea level pressure (Psea) measured in the middle of the Passy basin. In addition, the Psea time series recorded by the METEO-FRANCE automatic weather station at Annecy, 45 km west of the Passy basin, is represented. The two series are very close, with an average difference of 0.65 hPa and a maximum difference of 3.5 hPa. Annecy Psea measurements can therefore be used to complete data missing from the Passy Psea series. The temperature gradient between 540 and 1833 m ASL is represented in blue. It was computed using METEO-FRANCE automatic weather stations of Sallanches (541 m ASL) and Mont-Arbois (1833 m ASL). It appears that pollution episodes occur during anticyclonic conditions, which favour the development of persistent temperature inversion (dT/dz > 0), as already noted by [34] [35] [36] . The high levels of PM10 and the spatial variability could be explained by emissions rates and/or local dynamics. However, the emissions cannot solely explain the important pollutant levels, which are similar or higher than the levels measured in more urbanized areas. For instance, the nearby urban area of Lyon, which is the third most densely populated city in France, show lower wintertime PM10 levels while there are 50 times more residents. A better understanding of the local mechanisms within the Passy basin and its vicinity is therefore needed to understand its importance on pollutant dispersion. This was one of the main reasons for the Passy-2015 field experiment.
Objectives and Overview of the Field Experiment
The Passy-2015 field experiment was designed to give a better understanding of the atmospheric dynamics in the Passy basin under anticyclonic wintertime episodes and improve numerical weather prediction and air quality models in these conditions. More precisely, the objectives were to determine which mechanisms may:
• lead to the high PM10 concentrations observed in the Passy basin during winter, • participate in the spatial variations of PM10 concentrations observed within the Passy basin and its vicinity, • pilot the time evolution of PM10 concentrations (diurnal cycle and over the whole episode).
The field experiment was conducted in winter 2014/2015, from November 2014 to April 2015, with a larger set of instruments in January and February 2015 [29] . Observations were reinforced during two Intensive Observation Periods (IOPs) in February 2015. IOPs were planned according to weather and air quality forecasts. The first one took place from 6 to 14 February and the second from 17 to 20 February, corresponding respectively to episodes 3 and 4 of Table 1 . The present study focuses on IOP1, which was the most thermally stable and polluted of the two IOPs as shown in Figure 2 . A persistent temperature inversion developed from 9 to 13 February. Largeron and Staquet [9] have suggested that the use of a simple temperature gradient can be relevant to describe the overall thermal inversion dynamics and the PM10 concentration evolution during a pollution peak. Based on this consideration and on Largeron et al. [37] , the three phases of the persistent inversion cycle during IOP1 are defined as:
• the formation stage: an anticyclone formed at the beginning of IOP1 and reached a pressure maximum on the morning of 9 February. The temperature inversion became established during the same day, with a reduction of the synoptic wind and an advection of warm air above the Passy basin ( Figure 3 ). This advection generated a capping inversion, which favoured the decoupling of the atmosphere within the valley from the atmosphere above and thus allowed the development of local dynamics. This stage was associated with an increase of the temperature gradient as observed in Figure 2 .
• the stagnation stage: from 10 to 12 February, the capping inversion persisted over the period with its top lowering slowly day by day. A ground-based inversion developed at night and was destroyed in the early afternoon because of weak convection. The maximum intensity of the temperature inversion was reached on 11 February at 6:00 a.m. UTC.
• the destruction stage: the sea level pressure dropped during the night of 13 February and the temperature gradient became negative. This was explained by the elevated inversion erosion caused by an increasing synoptic wind and a rain episode on 14 February. Figure 2 shows that this rain event appeared coincidently with the drop in the PM10 concentrations.
In this study, we focus our analysis on the wind dynamics within the Passy basin in the first few hundred metres above the ground. The main objective is to characterize the wind dynamics during this persistent temperature inversion episode, and to identify which features may contribute to the observed PM10 concentration heterogeneities described previously. Figure 1 and Table 2 present the instruments used in this study and the three corresponding sites deployed within the Passy basin. A complete description of the large set of instruments deployed is available in [29] . Situated in the valley centre, Site 1 was the most instrumented. Its elevation is taken as the valley level reference and used to define elevation in metres Above Valley Level (m AVL). Site 1 was dedicated to the vertical description of the atmosphere from the ground up to a few kilometres AVL. A profiler Doppler wind lidar (DWL) the WLS8-5 was used in this study. It provided profiles of wind speed and direction every 3 s from 40 m up to 500 m AVL with a 20 m vertical resolution. More technical details of the WLS8-5 specifications are given in Table 3 . During IOPs, radiosoundings were launched every 3 h using a technique of reusable radiosondes developed by Legain et al. [38] . Radiosoundings provided profiles of wind, temperature and humidity, with a 10 m vertical resolution up to 2000 m AVL. Fog episodes were detected using data from a Present Weather Detector (PWD22) and a Ceilometer (CT25K). The CNR1 net radiometer measuring radiative fluxes was used to derived the surface albedo. The bare ground has an albedo of 0.2 and a threshold of 0.5 was used to identify the days with snow cover (black dots in Figure 2 ). Figure 1 with their geographical coordinates, their elevation in metres Above Sea Level (m ASL) and in metres Above Valley Level (m AVL). The instruments used in this study are described along with the parameters measured, the measurement geometry (Z refers to vertical profile, H to horizontal profile and L to local measurement) and the period at which measurements are available.
Instrumentation and Measurement Strategy
Site
Coord Site 2 was installed in the southeastern part of the valley, 2.6 km away from Site 1 and about 40 m higher. The main purpose of this site was to describe the spatial variability of the lower levels of the atmosphere. Its panoramic view permitted scanning of the atmosphere with horizontal and vertical cross-sections. A scanning DWL was deployed and will be described in the following section. The pollutant monitoring was performed at Site 3 by an automatic TEOM-FDMS station of the local air quality agency Atmo Auvergne-Rhône-Alpes. It provided hourly-averaged PM10 concentrations. TEOM-FDMS stations are also routinely-operated at Sallanches, Marnaz and Chamonix (blue stars in Figure 1 ). Finally, some of the 20 Meteo-France automatic weather stations located in the area of interest were also used in this study (Annecy, Sallanches and Mont-Arbois, yellow squares in Figure 1 ).
Material: WLS200S Lidar
The database analysed here was provided mainly by a 3D long range DWL, the WLS200S, developed by Leosphere [39] and located at Site 2. Another DWL, the WLS8-5 located at Site 1 is also used.
Lidar Specifications
Instrument Description
The WLS200S and WLS8-5 specifications are given in Table 3 . A DWL is an active remote sensing instrument that emits a laser pulse into the atmosphere and records the radiation backscattered by particles. The WLS200S operates at a wavelength of λ = 1.54 µm, which means that the laser beam is mainly scattered by atmospheric aerosol particles having diameters above about 100 nm. Because of their movements relative to the instrument, the backscattered signal is subject to the Doppler effect and its frequency is shifted compared to the emitted laser pulse frequency [40] . Since the particle movements are assumed to follow the wind, the frequency shift is proportional to the wind velocity in the Line-Of-Sight (LOS) direction. This leads to the relation ∆ f = − 2V los c , where c corresponds to the speed of light and V los to the LOS velocity, counted positive when the wind is blowing away from the lidar.
Measured Quantities
The WLS200S provides high resolution range-resolved measurements of:
• the Line-Of-Sight velocity (V los ) in m·s −1 . Negative velocities represent a flow toward the lidar while positive velocities indicate a flow away from the lidar. To facilitate the plot interpretation, a convention based on the north-south or west-east direction is applied in this study whenever possible, and is specified in the figure caption.
• the Carrier to Noise ratio (CNR) in dB, corresponding to the ratio of the power of the received heterodyne signal to the noise power. The CNR depends, among others things, on aerosol content and can be expressed by the Equation (1) [41] :
where R represents the distance from the lidar in the LOS direction, β(R) is the backscatter coefficient, T 2 (R) = exp(−2αR) is the atmospheric transmission (with α being the extinction coefficient) and I(R) gathers together the geometric dependences on R, including the heterodyne efficiency, which mainly affects the signal in the nearest range gates. The CNR gives an indication of the measurement quality and is used for data quality checking (Appendix A).
Limitations
Under clear sky conditions, the lidar sensitivity depends on the aerosol content meaning that pollution episodes are favourable to longer ranges. Under fog conditions, high extinction caused by water droplets may lead to a severely reduced range. Long distance ranges are automatically discarded by the CNR thresholding during fog episodes. These episodes detected by PWD22 and CT25K are consistent with the time periods filtered by the CNR thresholding. The most important episodes occurred in the nights of 10 to 11 and 11 to 12 February.
Scanning Strategy
During the Passy-2015 field experiment, the WLS200S was operated with the following strategy: This strategy provided a three-dimensional volume of measurement within the valley every hour, with a resolution of 100 m. The system was set with 59 ranges gates, of size 100 m, giving a potential maximum range of 6 km. 
Inter-Comparison
In this section, V los , measured from the WLS200S, and the same quantity derived from zonal and meridional velocities measured by the WLS8-5, are compared. DWL profilers have been used increasingly for atmospheric and wind turbine studies in the last decade. Comparison studies have shown very good agreement with readings from mast-mounted anemometers, with a correlation coefficient R 2 = 0.99 [42] , or with radiosonde wind measurements [43] . The WLS8-5 is thus considered as a reference in the current study.
The comparison was made using the first gate of the WLS8-5, 40 m AVL at Site 1, and the closest WLS200S measurement extracted at azimuth 287 • , 2600 m in the LOS direction. One-minute-averaged zonal and meridional velocities from the WLS8-5 were computed and the corresponding LOS velocity was derived by applying Relation (2):
where u and v represent zonal and meridional components, respectively, measured by the WLS8-5 and γ the azimuth angle of the WLS200S. The result of the comparison is displayed in Figure 5 and reveals a very good correlation between the two lidars with a correlation coefficient of R = 0.95. The linear regression slope (s = 0.93) indicates that the V los derived from the WLS8-5 are slightly under-estimated in comparison to those measured by the WLS200S. An explanation for this under-estimation may be the difference in observation volumes of the two instruments. The WLS200S performs an integration over a very thin horizontal cylinder 100 m long, whereas the WLS8-5 performs an integration over a 3D cone of approximately 21 m mean diameter and 20 m height. To evaluate the consequence of these differences in the volume of integration, the same comparison was made by considering only the cases in the time range 10:00 a.m.-4:59 p.m. UTC that were likely to be more homogeneous along the vertical because of convective mixing over the first 500 m (see Figure 3 ). This subset gave a similar correlation coefficient and a linear regression slope much closer to 1 (s = 0.98), suggesting that the more homogeneous the wind is in the vertical direction, the better is the comparison. This suggests that at least a part of the slight underestimation of the WLS8-5 measurements relative to the WLS200S ones was due to the differences of the volume of integration in the vertical direction.
This comparison finally allows a validation of the WLS200S database. This was confirmed by a determination of the error on V los measurements, which showed that 80% of the database has a mean error of 0.12 m·s −1 (Appendix A) .
Results
This section is divided into three parts: Section 4.1: a general overview of the wind intensities over a winter, Section 4.2 the characterization of the along-valley wind during the IOP1 with spatial and temporal analysis and Section 4.3 the identification of flows coming from the Saint-Gervais and Megève tributary valleys.
Overview of the Wind Intensity over a Winter
This section aims to provide a general overview of the wind distribution under stable conditions compared with more vertically mixed conditions. Figure 6 represents box plots of V los extracted at 40 m AVL at two locations within the basin. These locations were chosen so that characteristics of the along-and cross-valley wind components could be inferred. Along (cross) valley components were extracted at azimuth 287 • (350 • ) and 2600 m (700 m) from the lidar. Blue boxes represent the January-February database (Jan-Feb), which contains a large range of wintertime atmospheric conditions and associated wind patterns. Red boxes correspond to the stagnation stage of IOP1, described in Section 2.2 (10-12 Feb). The bottom and top of the box correspond to the 25th and 75th percentiles and the whiskers extend from the 1st to the 99th percentile, meaning that 98% of the database is between the two whiskers. Figure 6 . Representation of the V los distribution for along-and cross-valley wind components for the January-February 2015 database in blue (Jan-Feb) and the stagnation stage of the IOP1 in red (10) (11) (12) . The boxes represent the 25th and 75th percentiles, with a thick line representing median value, and the whiskers extending from the 1st to the 99th percentile. Positive (negative) V los represent a flow away from (toward) the lidar.
For both along-and cross-valley winds, the extrema are significantly reduced for the 10-12 Feb dataset. This means that stable conditions limit the ventilation. To evaluate the distribution symmetry, the skewness (γ 1 ) was computed. For along-valley winds, the Jan-Feb distribution is symmetric, whereas the 10-12 Feb is negatively skewed with γ 1 = −0.27. This asymmetry means that, over the period, there was a range of wind intensity, above 1.2 m·s −1 , for up-valley winds that was not observed for down-valley winds. For cross-valley winds, the distribution ranges are less spread than for the along-valley component, which is consistent with the steep-sided basin shape. Both distributions are positively skewed meaning that, at least at the location considered (north of Site 2), the cross-valley winds blow more frequently from the south.
Finally, this figure shows that the wind intensities are significantly weaker in the Passy basin bottom during stable conditions than in the full two months database. The observed asymmetry on both the cross and along valley wind distributions may be of major importance for pollutant dispersion. In the following, the analysis focuses on the dynamics during the persistent temperature inversion episode.
Spatio-Temporal Fluctuations of the Along-Valley Wind
The along-valley wind is analysed in the three directions represented in 
Vertical Range
The vertical range of the WLS200S (hereafter denoted H W LS ) changes over the period. From 7 to the middle of 8 February, H W LS remains approximately constant at around 700 m AVL. This height is consistent with the cloud base detected by a ceilometer at Site 1. The clouds dissipate at noon UTC on 8 February, the time at which H W LS increases. Then, a diurnal cycle starts, which lasts until 13 February (i.e., during the stagnation stage of the temperature inversion episode). H W LS starts its increase around 10:00 a.m. UTC, when convection begins in the low-level layers, and reaches its maximum between 4:00 p.m. and 6:00 p.m. UTC everyday. Then, it decreases during the night and reaches its minimum around 8:00 a.m. UTC the next day. The day-to-day comparison shows that H W LS tends to decrease slightly during the episode, probably following the aerosol layer thickness. Its daily-maximum ranges from 1400 m AVL on 9 February at 4:00 p.m. UTC to 650 m AVL on 12 February. This reduction is first driven by an increasing stability at the beginning of the episode, which confines the pollutant within a thinner layer. Afterwards, it may result from the subsidence of the capping inversion (Figure 3) . Finally, H W LS behaves in a very similar way over the two profiles, which highlights the homogeneity of the aerosol layer structure within the Passy basin. Note that H W LS may be perturbed by fog episodes in the early morning and is therefore more difficult to interpret.
Wind Dynamics Figure 8a shows the onset of the up-valley wind in the valley centre, which occurs around 10:00 a.m. UTC and coincides with the vertical range increase. The mean up-valley wind intensity and depth tend to decrease during the stagnation stage. The layer develops up to 500 m AVL on 9 and 10 February, then decreases to a depth of around 200-300 m AVL on 11 and 12 February.
The down-valley wind starts at 5:00 p.m. UTC and is characterised by a jet-like structure that varies in thickness, elevation, and intensity over the period:
•
The signature of the jet is pronounced during the night of 9 to 10 February with wind oscillations. The first hundred metres above the ground are the most affected by oscillations, with hourly wind reversal (more details in Section 4.2.2).
The down-valley wind intensity is very weak on the night of 10 to 11 February This induces poor ventilation in the Passy basin boundary-layer, which is mainly affected by wind oscillations and waves.
• During the following night from 11 to 12 February, the jet forms at around 200 m AVL and then descends, reaching 120 m AVL in the early morning. Its upper structure is out of reach, probably because of signal extinction.
For the last night of the episode, from 12 to 13 February, the jet forms at lower altitude (40 m AVL) with a base slightly disconnected from the ground, resulting in an almost motionless surface layer.
The recurrence of the alternation between up-valley winds during the day and down-valley winds at night throughout the episode shows that the circulation is thermally driven, as expected under winter conditions [10] . The morning transition (from down-to up-valley wind) occurs 1 h 40 min after the local sunrise, which is at around 8:20 a.m. UTC according to the Site 1 observations. The evening transition is close to the local sunset, which occurs at 3:50 p.m. UTC. Those delays are consistent with those observed in the Cadarache valley by Duine et al. [27] . It is interesting to note that the daytime and nightime maximum wind intensities are similar. In comparison, up-valley winds three times stronger than down-valley winds have been reported by Giovannini et al. [22] , who focused on late spring and summer periods in the Adige Italian valley. However, it is important to bear in mind that, during the wintertime period considered in the present study, the energy available from solar insolation to support the up-valley wind is significantly lower.
In the eastern part of the basin, the morning and evening transitions occur at the same times, but Figure 8b shows a more strongly layered structure. The down-valley wind layer remains at constant elevation (130 m AVL) and has a mean thickness of 80 m. Above this layer, an up-valley wind is observed intermittently during the night. Differences between the two parts of the basin will be discussed in greater details in Section 5.1.
Horizontal Structure along the Valley Axis
The wind structure along the valley axis is investigated here by looking at the V los field along the red axis marked in Figure 7 . Figure 9a shows a space and time (x,t) diagram of V los with the axis of ordinates representing the horizontal LOS distance from the lidar, located at the origin. The colour convention is the same as in Figure 8 . Unlike the vertical range of the lidar, the horizontal range does not follow a diurnal variation. Because the lidar laser beam remains in the aerosol layer close to the ground, the horizontal range remains constant at around 5 km, except in the early morning periods probably because of fog episodes.
The morning and evening transitions of the along-valley flows at 40 m AVL are consistent with those presented in the previous section. Oscillations can be observed in the wind pattern behaviour, especially during the night-time. These oscillations may explain the asymmetric distribution observed in Figure 6 , which shows a slight predominance of up-valley winds during the stagnation stage of the temperature inversion (from 10 to 12 February). Up-valley winds are more continuous than down-valley winds that are largely affected by oscillations and do not achieve a stationary state. The 10 min time resolution allows a visual estimation of the wind reversal period close to 1 h . A Fast Fourier Transform was applied to quantify these oscillations more accurately, but the resulting power spectrum did not permit a clear period determination (not shown). We suspect that this may have been the result of an over-complex signal, including oscillations caused by several mechanisms such as the emission of internal gravity waves in the valley by the intrusion of katabatic winds [44] or flow from tributary valleys [45] , or the along-slope oscillations of katabatic winds [46] .
A remarkable feature is that flow reversal often occurs simultaneously over the whole valley, at least along the red line of Figure 7 . To quantify the horizontal homogeneity of V los along this line, a criterion is applied for each time step. It is classified as non-homogeneous when its standard deviation is above the threshold of 0.5 m·s −1 , and a least 10% of the LOS dataset is of the opposite sign (to account for the change in direction).
Means and standard deviations of V los are displayed in Figure 9b , where heterogeneous cases are identified with red stars. It can be seen that most of the heterogeneities occur during the daytime and more precisely in the late afternoon, during the evening transition. A recurrent heterogeneity is the one occurring systematically at 4:00 p.m. UTC. At that time, the wind first reverses close to the lidar (i.e., from 0 to 1000 m LOS). Then, after 1.5 to 2 h the wind reversal spreads over the whole valley. This 4:00 p.m. UTC wind reversal may be explained by considering the lidar position, which is close to both the southern sidewalls of the Passy basin and to the St-Gervais tributary valley mouth. The former favours the impact of down-slope winds and theory states that these winds usually reverse before valley winds that have more inertia [10, 47] . The tributary valley mouth favours the impact of down-valley wind of the St-Gervais valley, which is in the shadow before the Passy Basin (more detail in Section 4.3.1).
Cross-Valley Structure
This section investigates the structure of the along-valley wind over transects perpendicular to the valley axis, at two different locations, represented by the black lines in Figure 7 . Slanted PPI scans were used with elevation angles ranging from 1 to 8 • . For each elevation angle, a cross-valley transect was extracted 2000 m away from the lidar, providing horizontal transects from 40 m up to 280 m AVL every 35 m. By means of elevation-by-elevation comparisons, three elevations (75, 150 and 250 m AVL) were selected for analysis and are presented in Figure 10 . The axis of ordinates represents the cross-valley distance, centred over the horizontal transect considered. Because of the lower scan acquisition frequency (1 scan per hour), data were smoothed with a Gaussian filter to account for the coarse temporal resolution. In contrast to the previous section, where the wind was blowing along the transect considered, we now look at the along-valley wind blowing through the transect over the valley width. Figure 10a , and the more intense systems aloft. At 150 m AVL, the intensities increase during both day-and night-time. The down-valley wind intensity tends to decrease above 250 m AVL (not shown) and the elevation of its core (jet-like structure) changes during the period, as observed in Figure 8 . The new and important feature accessible with the visualization is the north-south wind structure. It can be noted that during the day, the up-valley wind develops over the whole valley width. At night, the down-valley flow does not extend over the valley width but is rather confined to the northern half of the basin. The southern half of the basin is affected by a wind blowing in the opposite up-valley direction.
Vertical and North-South Structure for the Eastern Cross-Valley Transects
The same analysis is presented in Figure 11 for cross-valley transects extracted in the eastern part of the Passy basin at elevation 150 m and 250 m AVL, panels a and b, respectively. A similar spatial structure along the y-axis and over the vertical is observed. At night, the down-valley jet is shifted northward as the altitude increases. This may be linked to the widening of the valley with elevation. When the diagrams shown in Figures 10 and 11 are compared, the down-valley jet appears more intense and narrower in Figure 11 . For instance, on 12 February at 8:00 p.m. UTC, 150 m AVL, a broadening of the flow towards the west can be observed with a mean velocity varying from −2.8 to the east to −2.1 m·s −1 to the basin centre. The sheared structure is more pronounced in this part of the basin, especially at 250 m AVL, where half of the basin width is affected by wind blowing up-valley at night. This night-time cross-valley sheared wind structures and its reinforcement in the eastern part of the valley is likely to have very important consequences for pollutant dispersion and will be discussed in more details in Section 5.2. 
Tributary Valley Flows
In addition to the ventilation caused by the along-valley wind system, the basin is also fed by air from outside the valley. This may lead to a dilution or an increase of pollutants within the basin. Two important sources of such air are the Saint-Gervais and Megève tributary valleys (Figure 1 ).
Saint-Gervais Valley
Since the WLS200S was located at the Saint-Gervais valley exit, the flow penetrating into the basin could be detected using horizontal PPI scans. At low elevation (40 m AVL), a wind intrusion coming from the south is observed at around 5:00 p.m. UTC on WLS200S horizontal and vertical scans (not shown). This intrusion penetrates into the valley over a restricted area (on average 1000-1500 m from the WLS200S in the LOS direction) and then vanishes. Figure 12 synthesizes this information by showing the direction of the prevailing flow blowing through a restricted zone close to the WLS200S. This zone is defined between two circular arcs, one of radius 200 m and the other 1000 m, in the sector from azimuth 250 • to 60 • (blue area in Figure 7 ). For each azimuth of the horizontal PPI scan, a spatial average of V los ( V los ) is computed. The azimuth of the maximum V los is considered as the direction of the dominant away-from-lidar wind component blowing through the arc. Conversely, the azimuth of the minimum V los represents the direction of the dominant toward-lidar wind component. Red (blue) arrows represent the away-from-lidar (toward-lidar) wind components in terms of direction and mean intensity. It should be noted that these components may be the result of a flow superimposition. From Figure 12 , it can be seen that the low-level southern intrusion is observed between 4:00 p.m. and 5:00 p.m. UTC, with the dominant red away-from-lidar component blowing from the south, every day from 9 to 12 February (grey areas on panels a to d). This direction is consistent with the relative orientation of the Saint-Gervais valley compared to the WLS200S location. Vertical scans show that the thickness of this wind layer does not exceed 100 m meaning that it affects only the lowest level of the basin atmosphere (not shown). The only day during which the intrusion signature is not observed is the 13 February, but it may have been masked by the down-valley wind, which was more intense during the destruction stage of the temperature inversion episode (Figures 8 and 9 ).
Looking at the diurnal evolution, before 4:00 p.m. UTC, it can be seen that the domain is mainly affected by the up-valley wind with directions of the away-from-and toward-lidar components consistent with the valley axis direction. From 5:00 p.m. UTC, the circulation reverses to down-valley wind. The early morning presents a similar pattern, but the winds are more fluctuating.
Wind intrusions were also visible on vertical lidar scans at higher elevation, in the range 200-540 m AVL (not shown). These flows may also affect the basin dynamics by interacting with the down-valley flow presented in Section 4.2.
Megève Valley
Due to the relative orientation of the Megève tributary valley with respect to the WLS200S location, the flow that may exit this valley is mainly perpendicular to the lidar beam and cannot be seen on V los measurements. However, information can be captured using a method based on the CNR signal, which depends among other things on aerosol content (Section 3.1.2). Based on Fujii and Fukuchi [40] and Chouza et al. [41] , a correction was derived to remove instrumental dependence of the CNR (Equation (1)). This gives access to the attenuated backscatter (βT 2 ) defined by:
The instrumental function I(R) was determined in the same way as in Chouza et al. [41] , i.e., by fitting the heterodyne efficiency function given by their Equation (12) on cases considered as homogeneous with regard to aerosol distribution. Additional signal processing steps would be needed for PM10 retrieval, but this correction is sufficient for a qualitative analysis of the attenuated backscattered intensity within the basin.
Horizontal maps of βT 2 derived from horizontal PPI scans measured around 6:15 p.m. UTC from 9 to 12 February are displayed in Figure 13 . βT 2 increases as the colour moves towards the red. Looking at the western part, in the azimuth range 250 to 310 • , a yellow structure crossing the valley can be observed. This structure probably represents an advection of air by the flow coming out of the Megève tributary valley, which connects with the Passy basin at this location. The color of the structure suggests an air mass that is cleaner than the air within the basin. It is visible from 4:30 p.m. UTC for the four days and was also intermittently present during the whole night (not shown). The similarity between this onset time and that of the Saint-Gervais valley exit flow observed in Figure 12 suggests a similar dynamics between the two tributaries, which share a similar north-south orientation.
A noteworthy feature was a meandering of the flow, with significant direction changes observed over a 10 min period (not shown). These meanders are often observed under stable conditions and low wind intensities [48] . They may influence pollutant dispersion and may also be one of the sources of the oscillations observed in Figure 9 .
Close to the northern sidewalls and in the eastern part of the basin, red patches are observed that are likely to be associated with more polluted air in these areas than in the southern part of the basin.
The day-to-day comparison shows a generally lower signal on 12 February (Figure 13d ) that is consistent with the PM10 diminution observed within the Passy basin in Figure 2 .
Finally, this method constitutes a complementary approach to the V los analysis by providing information on a flow perpendicular to the LOS. Moreover, it provides qualitative information on the aerosol content of the air. Its unique ability to retrieve information on the 3D wind structure makes it a very important instrument for studying wind dynamics over complex terrain. 
Discussion
Cause of the Observed Wind Patterns
The daytime up-valley wind develops homogeneously within the basin, whereas the night-time wind system is more complex. Figure 14 presents a conceptual scheme of the main wind structures observed at night during the stagnation stage of the persistent inversion with:
• a low-level layer below 100 m AVL mainly driven by oscillations reflecting the cold air pool perturbations and limiting the ventilation of the low-level layer in the basin, • a down-valley jet-like structure around 150 m AVL on the northern side, stronger and narrower in the eastern part of the Passy basin, • a shear zone in the north-south direction with a down-valley flow running along the northern sidewalls and a wind blowing in the opposite up-valley direction in the southern half of the basin. This pattern is more pronounced at 150 m AVL. Figures 12 and 13 , respectively. The time lapse of 1 h between the apparition of the tributary down-valley flows and the main down-valley flow may be the result of the side valleys being in shade earlier because of their north-south orientation. Their mixing in the middle of the valley may change the relative buoyancy of the jet, leading to variation in the vertical structure of the down-valley flow between the east and the west. While the jet is observed to have a constant elevation in the east (Figure 8b ), its elevation in the west can be seen to be more variable during the night (Figure 8a ).
Day-to-Day Evolution
The day-to-day comparison in Figure 10 highlights the weakness of the down-valley flow during the night of 10 to 11 February, with V los intensities that do not exceed 1.25 m·s −1 , whereas they can reach 2 m·s −1 during the other nights of the episode. The [PM10] maxima for Passy and Sallanches were reached this same night as noted in Table 1 .
Temperature profiles from radiosoundings showed that this night was one of the coldest, with a minimum temperature of −10 • C at 5 m and a thermal stability reaching its maximum over the episode with +13 • C in the first 600 m AVL (the temperature gradient being positive up to 800 m AVL at 6:00 a.m. UTC). This strong thermal inversion may have inhibited the formation of the down-valley flow or at least prevented it from penetrating into the lowest-level layer of the Passy basin since it was only detectable above 250 m AVL as seen in Figure 10 .
North-South Structure
Figures 10 and 11 show sheared wind structures in the cross-basin direction during the night-time, with a down-valley jet close to the northern sidewalls and a wind blowing in the opposite up-valley direction close to the southern sidewalls. This sheared structure may be influenced by:
• Dynamical effects due to the particular geometry of the basin (curvature and semi-closed structure), which may induce a re-circulation cell forced by the orography. Indeed, Weigel and Rotach [49] have shown that a sharp valley curvature may generate a secondary circulation, leading to strong shear in the cross-valley direction.
•
The down-valley flows emerging from the tributary valleys (Saint-Gervais and Megève valleys), both of which lie on the southern side of the Passy basin. Their flows may thus prevent the down-valley jet from extending southward.
The daytime asymmetric solar heating of the northern and southern slopes, which could perturb the cross-basin temperature structure. This north-south gradient may generate a cross-basin circulation, which could influence the trajectory of the down-valley jet. Moreover, this differential heating has a strong influence on snow cover since the north-facing slopes remained snow covered while the snow progressively melted on south-facing slopes and basin bottom during the IOP1. This north-south gradient of snow cover, and thus of albedo, can be an additional source of north-south asymmetry as already observed by Lehner and Gohm [13] .
Further studies will be needed to understand the contribution of each of these processes, but, for the question that concerns us here, this sheared cross-basin structure can have a major importance for pollution re-distribution as discussed in the next section.
Consequences of the Observed Wind Structures on Air Quality
As explained in Section 2.1, the Arve valley is urbanized and crossed by one of the major roads for goods transport toward Italy. . Consequently, it can be assumed that this broader section of the Arve river valley is more ventilated and less affected by the valley wind systems. The Passy basin and the Chamonix valley have a total population of about 40,000 peoples, which means that winter residential heating (wood burning) is an important source of pollutants. The towns of Passy, Sallanches and Chamonix can be considered to produce similar amounts of such pollution. However, the industrial activity developed at Passy may constitute additional source of emissions. Therefore, one may ask whether the local wind dynamics tend to increase this PM10 variability or homogenise the concentrations within the valley. To answer this question, the following section discusses how the wind patterns may contribute to (i) the higher [PM10] measured within the Passy basin than around and (ii) the local differences within the basin, with larger [PM10] observed at Passy.
High PM10 Concentration within the Passy Basin
During the daytime, a continuous up-valley wind blows over the whole basin width. At a maximum mean velocity of 1.5 m·s −1 over a mean duration of 5 h, pollutants would travel a maximum distance of 27 km upstream, which is similar to the valley length (23 km). Under very stable conditions, the [PM10] Chamonix are below 50 µg/m −3 ( Figure 2 ). Therefore, it is probably that the polluted up-valley wind does not reach the upstream town and remains blocked by the Servoz sill. The current database does not allow for investigating the trajectory of the air masses beyond the Passy town but several hypotheses can be considered. The polluted air mass can recirculate at a higher level in the opposite direction or be evacuated along the basin sidewalls by the up-slope circulation.
Under less stable conditions, the up-valley is more developed (not shown) and can flow towards Chamonix, leading to similar [PM10] in the two towns. This is consistent with what is observed at the beginning or at the end of pollution events (Table 1 and Figure 2) .
During the night-time, the Chamonix pollutants may be vented out towards the Passy basin by the down-valley wind, leading to night-time [PM10] at Chamonix that are lower than the daytime [PM10] (not shown). The polluted down-valley wind would flow towards the Passy basin where the emissions of Chamonix can discharge. Depending on the jet buoyancy, it may either reach the ground or run higher, leaving only a weak back-and-forth transport in the layer 0-100 m caused by the wind oscillations. In both cases, the Chamonix PM10 are nevertheless advected within the Passy basin. They might incorporate into the low levels the following day due to the small convective mixing layer developing in the early afternoon over a few hundred of metres (up to about 500 m AVL during IOP1 as seen in Figure 3) . As a result, the convective dilution efficiency within the basin would be reduced compared to the efficiency that would occur with clean air at altitude.
Finally, because of its location at the junction of several tributary urbanized valleys, the basin is likely to collect their aerosol contributions at night. The degree of stability plays an important role by governing the communication between the Passy basin and the Chamonix valley during the day and thus the PM10 transfer from the Passy basin to the upstream Chamonix valley.
PM10 Differences between Passy and Sallanches
The PM10 dynamics of Passy and Sallanches, both lying within the basin, are similar as observed in Figure 2 , but PM10 concentrations are significantly higher at Passy. A ventilation index was derived to visualize the average ability of the wind to disperse pollutants at every location of the basin. This was computed by integrating the V los field over a certain period using horizontal PPI scans, at 40 m AVL. The index is given in metres-per-hour.
The ventilation index is displayed for 11 February in Figure 15a . In the east of the basin, above Passy, the daily-averaged ventilation is westerly. The decomposition per stage shows that this place is mainly affected by the daytime up-valley wind (panel c) with intensity above 1500 meters-per-hour while the night-time index does not exceed 300 metres-per-hour (panels b and d). This can be related to the night-time down-valley jet, which is only observed at a higher altitude in this part of the basin (Figure 8) . As a result, the east of the basin is mainly ventilated during the day and remains stagnant at night.
In the west of the basin, on a daily-average, the northern part is exposed to an easterly ventilation, while the southern part is ventilated in the opposite westerly direction (panel a). Panel c shows a rather homogeneous structure during the daytime stage while panel d highlights a north-south sheared zone in the evening stage. This is again likely to be related to the night-time down-valley jet, which is at altitude in the eastern part of the basin but falls to a lower level in the middle of the basin, remaining at this lower altitude through the western part. The daily-averaged index in the west therefore results in a predominance of (i) the day-time up-valley wind in the south and (ii) the night-time down-valley wind in the north.
Finally, on a daily-average, Sallanches and Passy are both exposed to a westerly ventilation. This results in an advection of the Sallanches PM10 towards Passy. The main difference between the two parts of the basin occurs at night. During the evening stage, the atmosphere above Passy is almost motionless, while Sallanches is affected by an easterly ventilation. This difference may participate in the higher [PM10] measured at Passy. Similar patterns with north-south and west-east gradients are observed on the daily ventilation index and βT 2 maps (Figures 15a and 13, respectively) . The trajectory of the down-valley wind therefore appears to be of major importance in the PM10 distribution within the Passy basin. 
Conclusions
In this paper, the local wind structure is retrieved in the steep-sided Passy basin that is part of the Arve river valley, close to Mont-Blanc (French Alps). Our aim was to identify the features of the local winds that may contribute to (i) the high levels of PM10 monitored in winter in the Passy basin and (ii) the spatial PM10 heterogeneities observed locally over a few tens of kilometres within this basin. This work relies on data from the Passy-2015 field experiment that took place during winter 2014/2015. More precisely, this work focuses on a persistent temperature inversion episode documented during an Intensive Observation Period of the field experiment. Data from radiosoundings, ground stations of the METEO-FRANCE operational network and a scanning DWL were used. The scanning DWL database was first validated through a comparison with a profiler DWL, allowing a good level of confidence regarding the velocity fields retrieved. The scanning DWL proved to be a really useful instrument, providing access to 3D measurements and thus revealing the local wind structures that could not be seen by profiler instruments. Moreover, additional relevant information can be derived from the data given by this instrument, such as the aerosol layer height or a qualitative overview of the aerosol content derived from the CNR signal.
Within the Arve river valley, PM10 concentrations recorded in the Passy basin are significantly higher than concentrations recorded in the upstream Chamonix valley under a persistent temperature inversion episode. Beyond the variability in emissions rates that may exist, this work reveals that the accumulation of pollutants within the Passy basin is consistent with the combined effects of:
• a night-time stagnation of pollutants in the lowest layers, induced by the back-and-forth transport of particles by wind reversal on an hourly timescale.
• a reduction of the dilution efficiency because of the discharge of the urbanized tributary valley emissions into the basin at night. Such particles may be integrated into the low-layers in the basin, during daytime convection, • a lack of daytime ventilation because of the combined effects of thermal stratification and topography, including the Servoz passageway between the Passy basin and the Chamonix valley, which prevent particles contained in the up-valley flow from being vented out.
Under less stable conditions, the communication between the Passy basin and the upstream Chamonix valley is restored, leading to similar PM10 between the two sections of the Arve river valley.
Within the Passy basin, significant differences in PM10 levels are also observed between Passy and Sallanches, although they are only 5 km apart. In addition to the effects mentioned above, the following wind pattern specificities may contribute to these variations:
• a reduction of the night-time dilution at Passy because of the down-valley flow, which remains above the lowest layers in the eastern part of the basin but is likely to get through the lower layers in the other part of the basin, leading to a west-east gradient in dilution, • a northeast-southwest ventilation gradient observed when looking at the 24-h average with a westerly transport in the southern part of the basin and an easterly transport in the northern part of the basin, probably with more polluted air. This northeast-southwest gradient is consistent with the observed heterogeneity of the backscattered signal maps derived from the scanning DWL CNR signal.
To sum up, the complexity and very particular characteristics of the basin topography are mirrored in the local winds that are heterogeneous. Under stable wintertime conditions, the observed wind systems lead to an important variability in ventilation within the Passy basin. Instead of distributing the emissions among the valley, the wind system favors their accumulation in places where the highest PM10 concentrations are measured. This study finally highlights the importance of local dynamincs on PM10 distibution. Several questions regarding the mechanisms leading to the local wind structures observed arise from this work. A high resolution numerical modelling study is currently in progress in order to investigate these questions. The model has shown a good ability to represent the persistent temperature inversion dynamics observed during the first IOP [37] . Focus will now move to the role of the western part of the Passy basin, not covered by instruments during the field experiment, the Servoz passageway and its impact on the valley wind structures, and the possible role of the northern and southern slopes on the north-south local wind gradient. Particular attention will be paid to the elevated down-valley wind in the eastern part of the Passy basin as it appears to be a key element for the impact of local winds on air quality within the basin.
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Appendix A. Speed Accuracy
The expected speed accuracy given by the manufacturer is less than 0.2 m·s −1 on V los measurements [39] . To make sure that this value was not affected by low wind conditions, it was checked in the conditions of use of the Passy-2015 field experiment by applying the correlation method described in Frehlich and Cornman [50] . This method decomposes the measured velocityv(k) aŝ v(k) = v(k) + (k), where v(k) corresponds to the "real" velocity and (k) the error. For each range gate, two correlation coefficients are computed, namely :
The temporal average of the difference C(1) − C(0) is then computed and associated with the corresponding mean CNR for the range gate. Assuming that v(k) and (k) are uncorrelated, that (k) is white noise and that the pulse repetition frequency is sufficiently large, the difference between the two correlation coefficients provides an estimation of the mean error C(0) − C (1) 2 (k) . The result is displayed in Figure A1 . For CNR > −24 dB, the mean error on V los measures is around 0.12 m·s −1 (horizontal dotted line). Below −24 dB, the mean error increases when CNR decreases. Based one this consideration, we could use −24 dB as a threshold for the quality control of the data. However, the CNR distribution has a double Gaussian shape, with a first mode between −40 and −30 dB and a second one between −30 dB and −5 dB (not shown). The first mode corresponds to noise, whereas the other is associated with consistent signal data. As a result, the CNR threshold is fixed at −29 dB (vertical dashed line) in order to keep these significant data (which increases our database by 17%). Moreover, this −29 dB threshold is in agreement with the one derived from the heuristic semiempirical model proposed by Dabas [51] (not shown). In this way, we have more than 80% of the database associated with a mean error of 0.12 m·s −1 and the remaining 20% with a mean error of 0.27 m·s −1 . Since interactions of the laser beam with the motionless mountain sides are associated with high CNR, an upper CNR threshold is applied and set to −7 dB. 
